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METHOD OF FORMING A STACKED LOW
TEMPERATURE DIODE AND RELATED
DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

The present disclosure 1s related to the subject matter of
commonly assigned, co-pending application Ser. No. 14/329,
759, filed on even date herewith, the entirety of which 1s

herein incorporated by reference.

BACKGROUND

1. Technical Field

The present invention generally relates to semiconductor
devices. More particularly, the present invention relates to the
integration of stacked low temperature semiconductor
devices with metal-oxide-semiconductor (MOS) devices and
processes.

2. Description of the Related Art

The ever increasing demand of small, portable multifunc-
tional electronic devices has led to the continued proliferation
of smart phones, personal computing devices, personal audio
devices (e.g., MP3 players), as well as biomedical and secu-
rity devices. Such devices are expected to support and per-
form a greater number of increasingly complex and sophisti-
cated functions while consuming less and less power. Such
clectronic devices rely on limited power sources (e.g., batter-
ies and/or alternative energy harvesting systems) while pro-
viding ever-increasing processing capabilities and storage
capacity.

Accordingly, there 1s a continuing trend in the semicon-
ductor industry to manufacture not only high functionality,
high-performance, low-power integrated circuits (ICs), but
also low cost ICs. These goals have been achieved 1n large
part by scaling down the semiconductor IC dimensions and
stacking IC chips and thus increasing circuit densities and
functionality. Achieving higher densities calls for smaller
feature sizes, smaller separations between features and lay-
ers, and more precise feature shapes. The scaling down of IC
dimensions and reduction of parasitic resistances and capaci-
tances can facilitate faster circuit performance (e.g., faster
switching speeds) and can lead to higher eflective yield in IC
tabrication processes by packing more circuits on a semicon-
ductor die and/or more die on a semiconductor waler. How-
ever, continued scaling also introduces considerable chal-
lenges. For example, as the minimum feature size of MOS
devices has decreased, the OFF state leakage current has
increased, and 1s rapidly approaching ON state current levels.
In addition, transistor density 1s limited by the amount of area
that 1s required between devices in order to electrically 1solate
them from each other.

SUMMARY

The problems noted above are solved 1n large part by a
method of forming a stacked low temperature diode and
related devices. At least some of the illustrative embodiments
are methods comprising forming a metal interconnect dis-
posed within an inter-layer dielectric. The metal interconnect
1s electrically coupled to at least one underlying integrated
circuit device. A barrier layer 1s deposited on the metal 1nter-
connect and the inter-layer dielectric. A semiconductor layer
1s deposited on the barrier layer. A metal layer 1s deposited on
the semiconductor layer. The barrier layer, the semiconductor
layer, and the metal layer are patterned. A low-temperature
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anneal 1s performed to induce a reaction between the pat-
terned metal layer and the patterned semiconductor layer. The
reaction forms a silicided layer within the patterned semicon-
ductor layer. Moreover, the reaction forms a P-N junction
diode.

Other 1llustrative embodiments are methods comprising
forming a metal mnterconnect disposed within an 1nter-layer
dielectric. The metal interconnect 1s electrically coupled to at
least one underlying integrated circuit device. A first low-
temperature P-N junction diode 1s formed on the metal inter-
connect. A second low-temperature P-N junction diode 1is
formed on the first low-temperature P-N junction diode. The
second low-temperature P-N junction diode 1s electrically
coupled to the first low-temperature P-N junction diode by
way of a VIA.

Yet other illustrative embodiments are semiconductor
devices comprising a metal interconnect disposed within an
inter-layer dielectric, a barrier layer on the metal interconnect
and the mter-layer dielectric, a semiconductor layer on the
barrier layer, and a metal layer on the semiconductor layer.
The metal interconnect 1s electrically coupled to at least one
underlying integrated circuit device. The barrier layer, the
semiconductor layer, and the metal layer are patterned. The
semiconductor device 1s annealed to induce a reaction
between the patterned metal layer and the patterned semicon-
ductor layer. The reaction forms a silicided layer within the
patterned semiconductor layer. Moreover, the reaction forms
a P-N junction diode.

The above summary contains simplifications, generaliza-
tions and omissions of detail and 1s not itended to be a
comprehensive description of the claimed subject matter but,
rather, 1s intended to provide a brief overview of some of the
functionality associated therewith. Other systems, methods,
functionality, features and advantages of the claimed subject
matter will be or will become apparent to one with skill 1n the
art upon examination of the following figures and detailed
written description.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more detailed description of the various embodi-
ments, the detailed written description can be read in con-
junction with the accompanying figures. It will be appreciated
that for simplicity and clarity of illustration, elements illus-
trated 1n the figures have not necessarily been drawn to scale.
For example, the dimensions of some of the elements are
exaggerated relative to other elements. Embodiments incor-
porating teachings of the present disclosure are shown and
described with respect to the figures presented herein, 1n
which:

FIG. 1 shows a cross sectional view 1llustrating the forma-
tion of a stacked low temperature diode after formation of a
patterned dielectric layer including a metal layer;

FIG. 2 shows a cross sectional view 1illustrating the forma-
tion of a stacked low temperature diode after formation of a
barrier layer;

FIG. 3 shows a cross sectional view 1llustrating the forma-
tion of a stacked low temperature diode after formation of
semiconductor layer;

FIG. 4 shows a cross sectional view 1llustrating the forma-
tion of a stacked low temperature diode after deposition of a
metal layer over the semiconductor layer;

FIG. 5 shows a cross sectional view 1llustrating the forma-
tion of a stacked low temperature diode after patterning the
semiconductor layer and the metal layer;
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FIG. 6 shows a cross sectional view 1llustrating the forma-
tion of a stacked low temperature diode after silicidation of

the semiconductor layer;

FI1G. 7 shows a cross sectional view illustrating the forma-
tion of a stacked low temperature diode after formation of a
dielectric layer including a contact hole;

FIG. 8 shows a cross sectional view 1llustrating the forma-
tion of a stacked low temperature diode after formation of a
metal layer 1n contact with the silicided semiconductor layer;

FIG. 9 shows a cross sectional view 1llustrating the forma-
tion of a plurality of stacked low temperature diodes;

FIG. 10 shows a cross sectional view 1llustrating the for-
mation of a stacked low temperature diode integrated with a
memory cell;

FIG. 11 shows a cross sectional view 1llustrating the for-
mation of a stacked low temperature 3-D diode after pattern-
ing trenches within the semiconductor layer;

FIG. 12 shows a cross sectional view 1llustrating the for-
mation of a stacked low temperature 3-D diode after deposi-
tion of a metal layer over the semiconductor layer;

FIG. 13 shows a cross sectional view 1llustrating the for-
mation of a stacked low temperature 3-D diode after pattern-
ing the semiconductor laver and the metal layer;

FIG. 14 shows a cross sectional view illustrating the for-
mation of a stacked low temperature 3-D diode after silicida-
tion of the semiconductor layer;

FIG. 15 shows a cross sectional view 1illustrating the for-
mation of a stacked low temperature 3-D diode after forma-
tion of a dielectric layer including a contact hole;

FIG. 16 shows a cross sectional view 1llustrating the for-
mation of a stacked low temperature 3-D diode after forma-
tion of a metal layer 1n contact with the silicided semiconduc-
tor layer;

FIG. 17 shows a cross sectional view 1llustrating the for-
mation of a plurality of stacked low temperature 3-D diodes;
and

FIG. 18 shows a cross sectional view illustrating the for-
mation of a stacked low temperature 3-D diode integrated
with a memory cell.

DETAILED DESCRIPTION

The following discussion 1s directed to various embodi-
ments which provide a method of forming a stacked low
temperature diode and related devices. Although one or more
of these embodiments may be preferred, the embodiments
disclosed should not be interpreted, or otherwise used, as
limiting the scope of the disclosure, including the claims,
unless otherwise specified. In addition, one skilled 1n the art
will understand that the following description has broad
application, and the discussion of any embodiment 1s meant
only to be exemplary of that embodiment, and not intended to
intimate that the scope of the disclosure, including the claims,
1s limited to that embodiment. Also, layers and/or elements
depicted herein are illustrated with particular dimensions
and/or orientations relative to one another for purposes of
simplicity and ease of understanding, and actual dimensions
and/or orientations of the layers and/or elements may differ
substantially from that illustrated herein.

Certain terms are used throughout the following descrip-
tion and claims to refer to particular system components. As
one skilled in the art will appreciate, various companies may
refer to a component by different names. This document does
not intend to distinguish between components that differ in
name but not function. In the following discussion and in the
claims, the terms “including™ and “comprising” are used in an
open-ended fashion, and thus should be mterpreted to mean
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“including, but not limited to . . . 7. Also, the term “couple” or
“couples” 1s mtended to mean either an indirect or direct
connection. Thus, 1f a first device couples to a second device,
that connection may be through a direct connection, or
through an indirect connection via other devices and connec-
tions. Unless otherwise stated, when a layer 1s said to be
“deposited over the substrate’ or “formed over the substrate”,
it means that the layer 1s deposited or formed over any topog-
raphy that already exists on the substrate. Also, the term
“thermal budget” 1s used to define an amount of thermal
energy transierred to a semiconductor water (e.g., during a
high-temperature process) and 1s given as a product of tem-
perature (e.g., 1n degrees Kelvin) and time (e.g., in seconds).
Low thermal budget processes are preferred, for example, to
prevent dopant redistribution or electromigration.

The subject matter disclosed herein 1s directed to methods
associated with formation of one or more stacked low tem-
perature diodes over an IC device, such as a complementary
metal-oxide-semiconductor (CMOS) device, a bipolar-
CMOS (BiCMOS) device, an n-type MOS (NMOS) device, a
p-type (PMOS) device. Other methods of diode stacking have
been reported, however existing approaches require high-
temperature processing for diode fabrication. Such high-tem-
perature approaches greatly reduce their compatibility, in
particular, for insertion 1nto the back-end of existing CMOS
process flows. For example, 1n some cases, it may be desirable
to fabricate devices and/or circuitry on the back-end of a
process flow rather than to fabricate a separate IC chip and
subsequently bond the two IC chips, which can add signifi-
cant cost, time and parasitic resistance. Thus, an improved
method for forming a stacked low temperature diode and
related devices, as described with reference to FIGS. 1-18 1s
needed.

Referring to FIG. 1, any of a plurality of IC devices 1s
formed within an IC device layer 104 of semiconductor sub-
strate 102, 1n accordance with standard semiconductor pro-
cessing techniques. The plurality of IC devices includes, 1n
various embodiments, a CMOS device, a BICMOS device, an
NMOS device, and/or a PMOS device, among others. Fur-
ther, the plurality of IC devices formed within the I1C device
layer 104 may collectively form one or more of a logic circuit,
a central processing unit (CPU), a memory, a memory con-
troller, an mput/output (I/O) interface, a cache, a network
interface, and/or subsystems of these devices/circuits. In vari-
ous embodiments, the substrate 102 comprises single crystal
silicon (S1). In other embodiments, the substrate 102 com-
prises for example, a silicon germanium (S1Ge) substrate, a
germanium (Ge) substrate, or a silicon-on-mnsulator (SOI)
substrate. In yet other embodiments, the substrate 102 com-
prises a silicon carbide (S1C) substrate, a gallium arsenide
(GaAs) substrate, an indium arsenide (InAs) substrate, an
indium gallium arsenide (InGaAs) substrate, an indium phos-
phide (InP), or another substrate as well known 1n the art.

A dielectric layer 106 1s deposited over the IC device layer
104. The dielectric layer 106 may include an interlayer
dielectric or a dielectric capping layer, among others.
Depending on the material used for the dielectric layer 106,
the dielectric layer 106 can be formed by a variety of tech-
niques (e.g., thermal or plasma enhanced chemical vapor
deposition (CVD), atomic layer deposition (ALD), or CVD
oxide followed by CVD- or ALD-deposited silicon mitride).
The dielectric layer 106 1s patterned, and a barrier layer 108
and a metal layer 110 (e.g., a copper layer comprising part of
a Cu mterconnect layer) are deposited, for example, by way of
a damascene or dual damascene process. In some embodi-
ments which utilize a damascene process, the barrier layer
108 1s deposited over the patterned dielectric layer 106, for
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example, to prevent Cu diffusion. In various embodiments,
the barrier layer 108 may include one or more of a Ta layer, a
TaN layer, or a TiN layer, and the barrier layer 108 may have
a thickness of about 50-500 Angstroms. The metal layer 110
1s then deposited over the barrier layer 108. In some embodi-
ments, the metal layer 110 includes a Cu layer, and deposition
of the metal layer 110 includes deposition of a Cu seed layer
(e.g., by a PVD or CVD process) followed by a Cu electro-
plating process. Depending in part on the metal used for the
metal layer 110, the metal layer 110 may serve as a cathode or
anode of a P-N junction diode. In some embodiments, the
metal layer 110 includes a Cu layer which serves as the
cathode of the P-N diode, as described below. A chemical
mechanical polishing (CMP) process can be used for surface
planarization. As shown 1 FIG. 2, a barrier layer 212 1s
formed over the substrate. In some embodiments, the barrier
layer 212 includes one or more of a Ta layer, a TaN layer, or
a TiN layer, and the barrier layer 212 may have a thickness of
about 50-500 Angstroms.

It should also be noted that, at times, throughout the dis-
cussion herein, the same features and/or elements have been
generally numbered in accordance with the corresponding
figure number 1n which the feature and/or element appears.
For example, semiconductor substrate 202 1s substantially the
same as the semiconductor substrate 102, IC device layer 204
1s substantially the same as the IC device layer 104, dielectric
layer 206 1s substantially the same as the dielectric layer 106,
ctc. Other features and/or elements may be similarly num-
bered herein; however, such numbering does not necessarily
imply a different element and/or feature than that which has
been previously presented 1n a prior figure.

Referring now to FIG. 3, a semiconductor layer 314 1s then
formed over the substrate. The semiconductor layer 314 may
be formed by various techmiques including ALD, CVD,
metal-organic CVD (MOCVD), physical vapor deposition
(PVD), and layer transter, among others. In various embodi-
ments, the semiconductor layer 314 comprises a layer
selected from a group of layers including an amorphous sili-
con (a-S1) layer, a polycrystalline S1 (poly-S1) layer, a single
crystal S1 layer, an amorphous silicon-germanium (a-SiGe)
layer, a polycrystalline silicon germanium (poly-SiGe) layer,
a single crystalline S1Ge layer, an amorphous germanium
(a-Ge) layer, a polycrystalline germanium (poly-Ge) layer, a
single crystal Ge layer, and silicon carbide (S1C), as well as
any combination of one or more of these films. In some
embodiments, for example when the semiconductor layer 314
includes an amorphous or polycrystalline layer, a low-tem-
perature anneal may be used to crystallize the semiconductor
layer 314. The low-temperature anneal may include a laser
annealing process performed at an energy density of about
500-1000 mJ/cm”. In other embodiments, other low-tempera-
ture heat treatment processes may be used, where the tem-
perature may be chosen based on the composition of under-
lying layer materials, and where the temperature 1s less than
the critical temperature of such underlying materials. For
example, 1n some embodiments, if an underlying layer
includes tungsten (W), the anneal temperature may be less
than about 950 degrees Celsius. In other embodiments, 1f an
underlying layer includes nickel silicide (N1S1), the anneal
temperature may be less than about 600 degrees Celsius. In
yet other embodiments, 11 an underlying layer includes alu-
minum (Al), the anneal temperature may be less than about
550 degrees Celsius. In some embodiments where an under-
lying layer includes copper (Cu), the anneal temperature may
be less than about 400 degrees Celsius. Other anneal tempera-
tures and other laser annealing energy densities, based on
various other underlying material types, will be apparent to
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those skilled 1n the art. In various embodiments, the semicon-
ductor layer 314 includes a semiconductor layer having a
thickness of about 2000-35000 Angstroms. In some embodi-
ments, the semiconductor layer 314 may also be doped with a
dopant species (e.g., boron, phosphorous, arsenic), resulting
in an N- or P-type doping of the semiconductor layer 314. For
example, the semiconductor layer 314 may be N-type doped
when metal layer 310 1s to serve as a P-N junction cathode,
and the semiconductor layer 314 may be P-type doped when
metal layer 310 1s to serve as a P-N junction anode. In various
embodiments, doping of the semiconductor layer 314 may be
accomplished by depositing an 1n-situ doped semiconductor
layer including at least one of an N-type dopant and a P-type
dopant. In some embodiments, the semiconductor layer 314
includes one of a gradient dopant profile and a bilayer dopant
profile.

As shown 1n FIG. 4, ametal layer 416 1s deposited over the
substrate 402. Depending on the doping of the semiconductor
layer 414, and thus depending on whether the metal layer 410
serves as a P-N junction anode or cathode, the metal layer 416
may comprise any of a plurality of metals. For example, when
the semiconductor layer 414 1s used as the cathode, the metal
layer 416 may include platinum (Pt) or nickel (N1), which will
be used to form the anode, as described below. Alternatively,
when the semiconductor layer 414 1s used as the anode, the
metal layer 416 may include erbium (Er), ytterbium (Yb), or
palladium (Pd), which will be used to form the cathode, as
described below. The metal layer 416 serves as a precursor to
silicidation of the anode/cathode within the semiconductor
layer 414. In various embodiments, the metal layer 416 1s
deposited by PVD, ALD, or e-beam evaporation, among oth-
ers, and the metal layer 416 has a thickness of about 50-300
Angstroms.

As shown 1n FIG. 5, the semiconductor layer 414 (FIG. 4)
and metal layer 416 (FIG. 4) are then patterned and etched to
form an active region including patterned layer 514 and pat-
terned metal layer 516. The patterning can be accomplished
by way of a photolithographic process. In a photolithographic
process, a patterned light sensitive layer can serve as a mask
for an underlying layer or layers, wherein portions of the
underlying layer or layers not protected by the light sensitive
layer can be etched, 1on implanted, or otherwise processed. In
the example of FIG. 3, the regions of the semiconductor layer
414 and metal layer 416 (FIG. 4) which are not protected by
the light sensitive layer are etched to form the active region
which includes the patterned layer 514 and the patterned
metal layer 516. In various embodiments, ILD layer 506 1s
used as an etch stop layer during patterning of the layer 514
and the metal layer 516. In some embodiments, etching to
form the patterned layer 514 and the patterned metal layer 516
includes forming a 2-D planar active region. In other embodi-
ments, etching to form the patterned layer 514 and the pat-
terned metal layer 516 includes forming a 3-D diode struc-
ture, as discussed below with reference to FIGS. 11-18.

After formation of the patterned layer 514 and the pat-
terned metal layer 516 (FIG. 5), a low-temperature anneal at
about 300-400 degrees Celsius 1s performed to induce a reac-
tion between the patterned metal layer 516 and the patterned
layer 514. As shown in FIG. 6, the reaction between the
patterned layer 514 and the patterned metal layer 516 forms a
silicide layer, such as silicide layer 616. In some embodi-
ments, prior to annealing to induce the reaction, a dopant
species 1s implanted into the semiconductor layer (e.g., into
the layer 314 of FI1G. 3, the layer 414 of FIG. 4, or the layer
514 of FIG. 5). In other embodiments, prior to annealing to
induce the reaction, a dopant species 1s implanted at a metal-
semiconductor interface (e.g., at an interface defined by layer
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414 and the metal layer 416 of FIG. 4, or by the layer 514 and
the patterned metal layer 516 of FIG. 5). Depending on the
type of metal used for the metal layer 516 (FI1G. 5), the silicide
layer 616 may include a platinum silicide (PtS1) layer, a nickel
silicide (N1S1) layer, an erbium silicide (ErS1) layer, an ytter-
bium silicide (YbS1) layer, or a palladium silicide (PdSi)
layer, among others. Unreacted metal 1s removed, for
example, by way ol a wet chemical etch. In some embodi-
ments, the silicide layer 616 and the patterned semiconductor
layer 614 define a silicide-semiconductor interface, where a
s1licide-semiconductor barrier height 1s modulated by incor-
poration of a dopant species at the silicide-semiconductor
interface. The thermal budget used to induce the reaction
between the patterned layer 514 and the patterned metal layer
516 (FIG. 5) and thus form the silicide layer 616 1s low as
compared to, for example, the thermal budget used for for-
mation of the underlying plurality of IC devices within the IC
device layer 604. Thus, formation of the stacked low tempera-
ture diode can be performed as a back-end process after
higher thermal budget processing 1s complete and without
degradation of the underlying plurality of IC devices within
the IC device layer 604, for example, due to electromigration
or dopant redistribution.

As shown in FIG. 7, an ILD layer 718 1s deposited over the
substrate 702. The ILD layer 718 1s patterned and etched to
open a contact hole 720 to the silicide layer 716, which serves
as the P-N junction anode or cathode. Referring now to FIG.
8, after opening the contact hole 720 (FI1G. 7), ametal layer 1s
deposited over the substrate 802. The deposited metal layer 1s
then patterned and etched to form patterned metal layer 822
and thus complete formation of P-N junction diode 817.
Depending on whether the silicide layer 816 serves as the P-N
junction anode or cathode, the metal layer 822 may comprise
any of a plurality of metals. In some embodiments, the metal
layer 822 includes an aluminum (Al) layer. In various
embodiments, the metal layer 822 1s deposited by PVD, ALD,
plating or e-beam evaporation, among others, and the metal
layer 822 has a thickness of about 5000-10000 Angstroms.

FIG. 9 1llustrates at least one IC device monolithically
integrated with a plurality of stacked low temperature diodes
917, 919,921, 1n accordance with some embodiments. While

three stacked low temperature diodes are shown by way of
example1n FIG. 9, 1t should be understood that any number of

low temperature diodes may be stacked. In some embodi-
ments, each of the low temperature diodes 917, 919, 921 are
formed 1n a similar manner as the low temperature diode 817
(FIG. 8). As shown 1n FIG. 9, dielectric layers, such as ILD
layers 924, 926 provide for electrical 1solation between each
ol the stacked diodes. Stacking of the low temperature diodes
917, 919, 921 can be used to increase the functionality of the
IC chip without increasing 1ts form factor and without using
additional semiconductor real estate area. Moreover, one or
more of the low temperature diodes 917, 919, 921 may be
clectrically coupled to each other 1n order to provide a higher
ON-state current, for example by way of vertical electrical
connections (VIAs) 928, 930 as compared to the ON-state
current provided by a single low temperature stacked diode.

FIG. 10 1llustrates at least one I1C device monolithically
integrated with a stacked low temperature diode 1017 and
with a memory cell 1041, 1n accordance with some embodi-
ments. The low temperature diode 1017 and the memory cell
1041 may be electrically coupled by way of VIA 10435, Fur-
ther, the memory cell 1041 may be electrically coupled to
metal interconnect 1053 by way of VIA 1057. In various
embodiments, low temperature diode 1017 may be used as a
memory driver device to drive the memory cell 1041. Addi-
tionally, the memory cell 1041 may comprise one of a plural-
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ity of various types of memory cells, including ferroelectric
random access memory (FeRAM), magnetic RAM
(MRAM), Resistive RAM (RRAM), and phase-change RAM
(PCRAM), among others. In other embodiments, the low
temperature diode 1017 may be electrically coupled to one or
more sensors, or other active and/or passive devices.

Returning to FIG. 3, the semiconductor layer 314 may be
patterned and trenches may be etched in the semiconductor
layer 314 to form a 3-D diode structure as shown in FIG. 11,
which 1llustrates the 3-D patterned semiconductor layer
1114. The 3-D patterned semiconductor layer 1114 effec-
tively increases the area of the P-N junction diode and thus
increases the P-N diode current. In various embodiments, the
width (W) and depth (D) of the trenches are about 200-5000
Angstroms.

FIG. 12 1llustrates a metal layer 1216 1s deposited over the
substrate 1202. Depending on the doping of the 3-D patterned
semiconductor layer 1214, and thus depending on whether
the metal layer 1210 serves as a P-N junction anode or cath-
ode, the metal layer 1216 may comprise any of a plurality of
metals. For example, when the 3-D patterned semiconductor
layer 1214 1s used as the cathode, the metal layer 1216 may
include Pt or Ni, which will be used to form the anode.
Alternatively, when the 3-D patterned semiconductor layer
1214 1s used as the anode, the metal layer 1216 may include
Er, Yb, or Pd, which will be used to form the cathode. The
metal layer 1216 serves as a precursor to silicidation of the
anode/cathode within the 3-D patterned semiconductor layer
1214. In various embodiments, the metal layer 1216 1s depos-
ited by PVD, ALD, or e-beam evaporation, among others, and
the metal layer 1216 has a thickness of about 50-500 Ang-
stroms.

As shown i FIG. 13, the 3-D patterned semiconductor
layer 1214 (FIG. 12) and metal layer 1216 (FIG. 12) are then
patterned and etched to form an active region including 3-D
patterned semiconductor layer 1314 and patterned metal
layer 1316. The patterming can be accomplished by way of a
photolithographic process. In various embodiments, I1LD
layer 1306 1s used as an etch stop layer during patterming of
the 3-D patterned semiconductor layer 1314 and the metal
layer 1316.

Referring now to FIG. 14, after formation of the 3-D pat-
terned semiconductor layer 1314 (FIG. 13) and the patterned
metal layer 1316 (F1G. 13), alow-temperature anneal at about
300-400 degrees Celsius 1s performed to induce a reaction
between the patterned metal layer 1316 (F1G. 13) and the 3-D
patterned semiconductor layer 1314 (FIG. 13). As shown in
FIG. 14, the reaction between the 3-D patterned semiconduc-
tor layer 1314 and the patterned metal layer 1316 forms a
silicide layer, such as silicide layer 1416. Depending on the
type of metal used for the metal layer 1316 (FIG. 13), the
silicide layer 1416 may include a PtS1 layer, a N1S1 layer, an
ErS:1 layer, an YbS1 layer, or a PdS1 layer, among others.
Unreacted metal 1s removed, for example, by way of a wet
chemical etch. The thermal budget used to induce the reaction
between the 3-D patterned semiconductor layer 1314 and the
patterned metal layer 1316 (FIG. 13) and thus form the sili-
cide layer 1416 1s low as compared to, for example, the
thermal budget used for formation of the underlying plurality
of IC devices within the I1C device layer 1404. Thus, forma-
tion of the stacked low temperature 3-D diode can be per-
formed as a back-end process after higher thermal budget
processing 1s complete and without degradation of the under-
lying plurality of 1C devices within the IC device layer 1404,

for example, due to electromigration or dopant redistribution.
As shown 1n FIG. 15, an ILD layer 1518 1s deposited over

the substrate 1502. The ILD layer 1518 1s patterned and
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ctched to open a contact hole 1520 to the silicide layer 1516,
which serves as the P-N junction anode or cathode. Referring
now to FIG. 16, aiter opening the contact hole 1520 (FI1G. 15),
a metal layer 1s deposited over the substrate 1602. The depos-
ited metal layer 1s then patterned and etched to form patterned
metal layer 1622 and thus complete formation of 3-D P-N
junction diode 1617. Depending on whether the silicide layer
1616 serves as the P-N junction anode or cathode, the metal
layer 1622 may comprise any of a plurality of metals. In some
embodiments, the metal layer 1622 includes an Al layer. In
various embodiments, the metal layer 1622 1s deposited by
PVD, ALD, or e-beam evaporation, among others, and the
metal layer 1622 has a thickness of about 5000-10000 Ang-
stroms.

FIG. 17 1llustrates at least one IC device monolithically
integrated with a plurality of stacked low temperature 3-D
diodes 1717, 1719, 1721, 1n accordance with some embodi-
ments. While three stacked low temperature 3-D diodes are
shown by way of example 1n FIG. 17, 1t should be understood
that any number of low temperature 3-D diodes may be
stacked. In some embodiments, each of the low temperature
3-D diodes 1717, 1719, 1721 are formed 1n a similar manner
as the low temperature 3-D diode 1617 (FIG. 16). As shown1in
FIG. 17, dielectric layers, such as ILD layers 1724, 1726
provide for electrical 1solation between each of the stacked
3-D diodes. Stacking of the low temperature 3-D diodes 1717,
1719, 1721 can be used to increase the functionality of the IC
chip without increasing its form factor and without using
additional semiconductor real estate area. Moreover, one or
more of the low temperature 3-D diodes 1717, 1719, 1721
may be electrically coupled to each other 1n order to provide
a higher ON-state current, for example by way of vertical
clectrical connections (VIAs) 1728, 1730 as compared to the
ON-state current provided by a single low temperature
stacked 3-D diode.

FIG. 18 1llustrates at least one 1C device monolithically
integrated with a stacked low temperature 3-D diode 1817
and with a memory cell 1841, in accordance with some
embodiments. The low temperature 3-D diode 1817 and the
memory cell 1841 may be electrically coupled by way of VIA
1845. Further, the memory cell 1841 may be electrically
coupled to metal interconnect 1853. In various embodiments,
low temperature 3-D diode 1817 may be used as a memory
driver device to drive the memory cell 1841. In particular,
since the 3-D diode 1817 drives more current than a similarly-
s1ized planar diode, the 3-D diode 1817 may be used as a
memory driver device when the memory cell 1841 requires a
higher drive current than can be provided by the similarly-
s1zed planar diode. Additionally, the memory cell 1841 may
comprise one of a plurality of various types of memory cells,

including ferroelectric random access memory (FeRAM),
magnetic RAM (MRAM), Resistive RAM (RRAM), and

phase-change RAM (PCRAM), among others. In other
embodiments, the low temperature 3-D diode 1817 may be
clectrically coupled to one or more sensors, or other active
and/or passive devices.

While the invention has been described with reference to
exemplary embodiments, 1t will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted for elements thereol without
departing from the scope of the invention. In addition, many
modifications may be made to adapt a particular system,
device or component thereod to the teachings of the invention
without departing from the essential scope thereof. There-
fore, 1t 1s intended that the invention not be limited to the
particular embodiments disclosed for carrying out this imnven-
tion, but that the invention will include all embodiments fall-
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ing within the scope of the appended claims. Moreover, the
use of the terms first, second, etc. do not denote any order or
importance, but rather the terms first, second, etc. are used to
distinguish one element from another.

Furthermore, while the above discussion 1s meant to be
illustrative of the principles and various embodiments of the
present invention, numerous variations and modifications
will become apparent to those skilled in the art once the above
disclosure 1s fully appreciated. For example, unless otherwise
indicated, any one or more of the layers set forth herein can be
formed 1n any number of suitable ways (e.g., with spin-on
techniques, sputtering techniques (e.g., magnetron and/or 10n
beam sputtering), thermal growth techniques, deposition
techniques such as chemical vapor deposition (CVD), physi-
cal vapor deposition (PVD) and/or plasma enhanced chemi-
cal vapor deposition (PECVD), or atomic layer deposition
(ALD)). Also, unless otherwise indicated, any one or more of
the layers can be patterned in any suitable manner (e.g., via
lithographic and/or etching techniques). It1s intended that the

following claims be interpreted to embrace all such variations
and modifications.

What 1s claimed 1s:

1. A method comprising:

forming a metal nterconnect disposed within an 1inter-

layer dielectric, wherein the metal interconnect 1s elec-
trically coupled to at least one underlying integrated
circuit device;

depositing a barrier layer on the metal interconnect and the

inter-layer dielectric;

depositing a semiconductor layer on the barrier layer;

depositing a metal layer on the semiconductor layer;

patterning the barrier layer, the semiconductor layer, and
the metal layer; and

annealing to induce a reaction between the patterned metal

layer and the patterned semiconductor layer, wherein the
reaction forms a silicided layer within the patterned
semiconductor layer, and wherein the reaction forms a
P-N junction diode.

2. The method of claim 1, wherein annealing to induce the
reaction includes thermal processing at a temperature of less
than about 600 degrees Celsius.

3. The method of claim 1, wherein annealing to induce the
reaction includes laser annealing at an energy density of about
500-1000 mJ/cm”.

4. The method of claim 1, further comprising removing
unreacted metal of the metal layer.

5. The method of claim 1, wherein the patterming the barrier
layer further comprises etching the barrier layer, the semicon-
ductor layer, and the metal layer to form an active region
including one active region selected from a group compris-
ing: a 2-D planar active region; and a 3-D fin-type active
region.

6. The method of claim 1, further comprising prior to
annealing, implanting a dopant species 1nto the semiconduc-
tor layer.

7. The method of claim 1, further comprising prior to
annealing, implanting a dopant species at a metal-semicon-
ductor interface.

8. The method of claim 1, wherein the depositing the semi-
conductor layer further comprises depositing an in-situ doped
semiconductor layer including at least one of an N-type
dopant and a P-type dopant.

9. The method of claim 1, wherein the semiconductor layer
includes one of a gradient dopant profile and a bilayer dopant
profile.

10. The method of claim 1, wherein the silicided layer
within the patterned semiconductor layer defines a silicide-
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semiconductor interface, and wherein a silicide-semiconduc-
tor barrier height 1s modulated by incorporation of a dopant
species at the silicide-semiconductor interface.

11. The method of claim 1, wherein the semiconductor
layer comprises a semiconductor layer selected from a group
comprising: an amorphous silicon (a-S1) layer; a polycrystal-
line S1 (poly-Si) layer; a single crystal S1layer; an amorphous
silicon-germanium (a-Si1Ge) layer; a polycrystalline silicon
germanium (poly-S1Ge) layer; a single crystalline S1Ge layer;
an amorphous germanium (a-Ge) layer; a polycrystalline ger-
manium (poly-Ge) layer; a single crystal Ge layer; and a
silicon carbide (S1C) layer.

12. The method of claim 1, wherein depositing the semi-
conductor layer includes depositing the semiconductor layer

having a thickness of about 2000-5000 Angstroms.

13. The method of claim 1, wherein depositing the barrier
layer includes depositing the barrier layer having a thickness
of about 50-500 Angstroms.

14. The method of claim 1, wherein depositing the metal
layer includes depositing the metal layer having a thickness of
about 50-500 Angstroms.

15. The method of claim 1, wherein the metal layer
includes one of a platinum layer, nickel layer an erbium layer,
an ytterbium layer, and a palladium layer.

16. The method of claim 1, further comprising:

depositing a dielectric layer on the patterned semiconduc-

tor layer;

opening a contact hole to the silicided layer within the

patterned semiconductor layer; and

depositing a contact metal layer, wherein the contact metal

layer electrically couples to the silicided layer within the
patterned semiconductor layer via the contact hole.

17. The method of claim 16, further comprising forming a
memory cell disposed above the contact metal layer, wherein
the memory cell 1s electrically coupled to the P-N junction
diode by way of the contact metal layer.

18. The method of claim 17, wherein the memory cell
includes one of a ferroelectric random access memory (Fe-
RAM) cell, a magnetic RAM (MRAM) cell, aresistive RAM
(RRAM) cell, and a phase-change RAM (PCRAM) cell.

19. A method comprising:

forming a metal interconnect disposed within an inter-

layer dielectric, wherein the metal interconnect 1s elec-
trically coupled to at least one underlying integrated
circuit device;

forming a first low-temperature P-N junction diode on the

metal interconnect; and

forming a second low-temperature P-N junction diode on

the first low-temperature P-N junction diode, wherein
the second low-temperature P-N junction diode 1s elec-
trically coupled to the first low-temperature P-N junc-
tion diode by way of a first VIA.

20. The method of claim 19, further comprising forming a
third low-temperature P-N junction diode on the second low-
temperature P-N junction diode, wherein the third low-tem-
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perature P-N junction diode 1s electrically coupled to the
second low-temperature P-N junction diode by way of a sec-

ond VIA.

21. A semiconductor device comprising;:

a metal interconnect disposed within an 1nter-layer dielec-
tric, wherein the metal interconnect 1s electrically
coupled to at least one underlying integrated circuit
device;

a barrier layer on the metal interconnect and the inter-layer
dielectric;

a semiconductor layer on the barrier layer; and

a metal layer on the semiconductor layer;

wherein the barrier layer, the semiconductor layer, and the
metal layer are patterned; and

wherein the semiconductor device 1s annealed to induce a
reaction between the patterned metal layer and the pat-
terned semiconductor layer, wherein the reaction forms
a silicided layer within the patterned semiconductor
layer, and wherein the reaction forms a P-N junction
diode.

22. The semiconductor device of claim 21, wherein the
patterned barrnier layer, the patterned semiconductor layer,
and the patterned metal layer form an active region including
one active region selected from a group comprising: a 2-D
planar active region; and a 3-D fin-type active region.

23. The semiconductor device of claim 21, wherein the
semiconductor layer comprises a semiconductor layer
selected from a group comprising: an amorphous silicon
(a-S1) layer; a polycrystalline S1 (poly-S1) layer; a single
crystal S1 layer; an amorphous silicon-germanium (a-SiGe)
layer; a polycrystalline silicon germanium (poly-S1Ge) layer;
a single crystalline S1Ge layer; an amorphous germanium
(a-Ge) layer; a polycrystalline germanium (poly-Ge) layer; a
single crystal Ge layer; and a silicon carbide (S1C) layer.

24. The semiconductor device of claim 21, wherein the
metal layer includes one of a platinum layer, nickel layer an
erbium layer, an ytterbium layer, and a palladium layer.

25. The semiconductor device of claim 21, further com-
prising:

a dielectric layer on the patterned semiconductor layer;

a contact hole which provides an opening to the silicided

layer within the patterned semiconductor layer; and

a contact metal layer disposed within the contact hole,
wherein the contact metal layer electrically couples to
the silicided layer within the patterned semiconductor
layer.

26. The semiconductor device of claim 25, further com-
prising a memory cell disposed above the contact metal layer,
wherein the memory cell 1s electrically coupled to the P-N
junction diode by way of the contact metal layer.

27. The semiconductor device of claim 26, wherein the
memory cell mcludes one of a ferroelectric random access
memory (FeRAM) cell, a magnetic RAM (MRAM) cell, a
resisttive RAM (RRAM) cell, and a phase-change RAM
(PCRAM) cell.
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